The Enterococcus faecalis tetracycline resistance plasmid pCF10 is a member of a family of novel mobile genetic elements whose conjugative transfer functions are regulated by cell-cell communication (14) . The E. faecalis chromosome encodes a peptide pheromone, cCF10 (LVTLVFV), that is released into the growth medium by plasmid-free recipient cells and serves as an indicator of recipient cell population density for donor cells carrying pCF10. In addition to a set of genes encoding functions necessary for conjugative mating pair formation and DNA transfer (13) , pCF10 encodes a cCF10 sensing system, as well as two gene products, PrgY and iCF10 (inhibitor peptide; AITLIFI), that prevent donor cells from self-induction of conjugation by endogenous pheromone (11, 18) . The iCF10 peptide functions as a competitive inhibitor of cCF10 (25) . The intracellular target of both peptides is PrgX, a regulatory protein that serves as the molecular switch controlling transcription initiation of the prgQ operon, which encodes the pCF10 conjugation machinery (3, 6, 22, 29) . iCF10 acts as a corepressor with PrgX and enhances the formation of a PrgX tetramer complex that favors repression of the prgQ promoter, P Q (22) . Binding of cCF10 to PrgX has the opposite effect and leads to induction (29) . Interestingly, iCF10, whose production is required to maintain repression in the absence of recipient cells, is encoded by a small open reading frame (ORF) within the first 86 nucleotides (nt) of prgQ transcripts (25) (Fig. 1C) . Therefore, uninduced donor cells must express this ORF but not the downstream genes.
Molecular and genetic analysis of prgQ transcription revealed that uninduced cells carrying pCF10 produce a constitutive transcript, Qs (380 nt) (Fig. 1A ) from the prgQ promoter, P Q . The 3Ј end of Qs corresponds to an inverted repeat sequence followed by a polyuridine tract, both of which suggest that IRS1 is a factor-independent terminator (1, 35) . Pheromone-induced cells produce increased levels of Qs, as well as longer transcripts that extend Ͼ20 kb through the conjugation genes but are subjected to extensive processing, yielding stable products such as Q L , an RNA with the same 5Ј end as Qs but extended 130 nt at the 3Ј end (6) . Pheromone induction thus causes quantitative as well as qualitative changes in the prgQ transcripts that are produced, and pheromone-sensitive repression of P Q by PrgX explains the former but not the latter.
A previous study identified several cis-acting mutations in the prgQ region that cause an increase in transcription past IRS1 (4) . Analysis of these mutations and of prgQ and prgX expression (2) led to the discovery that both strands of DNA in the prgQ locus are actively transcribed. We identified the constitutive prgX promoter, P X , about 220 bp from the prgQ transcription start site (but on the opposite strand and oriented in the opposite direction) (Fig. 1C) . A 102-nt stable small RNA molecule, Anti-Q, is derived from the 5Ј terminus of transcripts from P X , whereas the 3Ј end of the same transcript encodes PrgX (2) . Several of the cis-acting mutations (4) mapped to regions that were predicted to code for the helices of stem-loop structures within both Anti-Q and nascent prgQ transcripts. This suggested that the structure of these RNAs is an important factor in regulating transcription past IRS1.
Based on the resemblance of IRS1 to a factor-independent terminator, the complementarity of transcripts from both strands of the prgQ locus, the predicted secondary structures of Anti-Q and Qs, and analysis of the cis-acting mutants (4), it was proposed that nascent Qs could form two alternative secondary structures, one favoring termination at IRS1 and the other favoring antitermination ( Fig. 1A ; also see Fig S4 in the supplemental material). Interaction between Anti-Q and nascent prgQ transcripts was predicted to enhance formation of the terminator, and relatively low expression of prgQ transcripts in uninduced cells would ensure that virtually all of this RNA would be paired with Anti-Q, resulting in efficient termination and low downstream gene expression (Fig. 1B) . Upon induction, the increased synthesis of prgQ transcripts would result in titration of all of the Anti-Q, and the remaining unpaired nascent prgQ transcripts would form the antiterminator structure, leading to extension of transcription into the downstream genes (4). This model is similar to the countertranscript-driven attenuation mechanisms that regulate copy number in plasmids of other Gram-positive bacteria (8) , such as pT181 (26) , pAM␤1 (23) , and pIP501 (10) . However, in the case of pCF10, the countertranscript Anti-Q is derived from the 5Ј end of an mRNA that also encodes PrgX, the repressor of P Q . Since antisense RNAs similar to Anti-Q are also encoded by other pheromone-responsive plasmids (30; S. Shokeen, C. M. Johnson, T. J. Greenfield, D. A. Manias, G. M. Dunny, and K. E. Weaver, submitted for publication), this proposed mechanism is likely to be of sufficient importance to be conserved through a significant period of plasmid evolution (21) .
Although Anti-Q-mediated termination fits well with the available data and makes biological sense, there is a limited FIG. 1. Scheme for providing Anti-Q in trans to P Q transcripts and sequence of prgQ and Anti-Q region. (A) E. faecalis cells with pBK1. pBK1, indicated by a circle, contains P Q and prgQ sequences through IRS1. Nascent prgQ transcripts can either form a terminator (1) at IRS1, causing termination and generating Qs, or an antiterminator (2), which allows transcription of the lacZ reporter (see Fig. S4 in the supplemental material). (B) E. faecalis cells with pBK1 and pDM4. pDM4 contains P X and Anti-Q sequences and is able to provide Anti-Q in trans (gray transcript, 3), which interacts with nascent prgQ transcripts (4), preventing antiterminator formation and causing termination at IRS1. This leads to reduced transcription of the lacZ reporter. (C) Sequence of pCF10 region used in this study. The sequence of the prgQ sense strand is indicated in normal font, and the sequence of Anti-Q is indicated in bold font. The prgQ and Anti-Q-prgX transcriptional start sites are shown. Anti-Q is derived from the 5Ј end of a longer prgX transcript. The prgX ORF, not shown on this map, begins at prgQ Ϫ193. Mutations that are used in this study are indicated by arrowheads pointing away from the sequence. Landmarks, such as the 5Ј or 3Ј end of a plasmid or deletion, are indicated by arrowheads pointing toward the sequence. The positions listed above and below the sequence are relative to the prgQ and Anti-Q transcriptional start sites, respectively. The PrgX binding sites, XBS1 and XBS2, are shown with bars, and the putative antiterminator is shown with two dotted arrows. The putative terminator, IRS1, is shown with two solid arrows. The peptide sequence of the prgQ ORF, which produces iCF10, is indicated.
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COUNTERTRANSCRIPT-DRIVEN ATTENUATION OF prgQ IN pCF10 1635 amount of direct evidence to support this model. The overlapping coding regions of the two transcripts introduce inherent complications in distinguishing direct effects of RNA/RNA interactions from those resulting from multiple effects of PrgX on transcripts produced from both promoters (3). We recently determined the secondary structure of Anti-Q and demonstrated direct interaction of Qs and Anti-Q in vitro (Shokeen et al., submitted). The results confirmed the structure of Anti-Q predicted from sequence analysis and provided important insights into the kinetics of complex formation and the subdomains of the two RNAs that mediate interactions. These studies identified a subdomain of Anti-Q containing a YUNR "U-turn" loop (8, 15) . Studies of the countertranscript-driven attenuation system regulating copy number control of pIP501 have shown that the countertranscript, RNAIII, contains a YUNR loop that plays a pivotal role in RNA/RNA interactions. Disrupting this motif retards the cognate interaction and interferes with copy number control (19) . Surprisingly, the YUNR loop of Anti-Q did not appear to be involved in complex formation, whereas other subdomains were important (Shokeen et al., submitted).
In this report, we describe the development of a genetic system that allows us to examine the inherent termination activity of unpaired nascent prgQ transcripts in vivo and the direct effects of Anti-Q on transcription readthrough of IRS1. This in vivo system allowed us to study the RNA/RNA interactions in the absence of other regulatory components involved in the pheromone response. Additionally, we present the results of in vitro transcription assays that provide evidence for the function of IRS1 as a terminator and a role for Anti-Q in favoring termination. Our results generally confirm those obtained by Shokeen et al. (submitted) and also provide strong evidence that interactions between Anti-Q and nascent prgQ transcripts directly affect readthrough at IRS1.
MATERIALS AND METHODS
Bacterial strains, plasmids, and reagents. Escherichia coli DH5␣ was used to propagate the plasmids in this study and was grown in LB broth or 0.075% yeast extract and 0.08% nutrient broth (YENB) (Difco) (28) or on LB plates with 1.5% agarose. Antibiotics at the following concentrations were used for E. coli: chloramphenicol, 20 g/ml, and erythromycin, 200 g/ml. E. faecalis OG1Sp, a spectinomycin-resistant derivative of strain OG1, was used for all experiments and was grown in Todd-Hewitt broth or M9-YE and glucose broth or on ToddHewitt plates with 1.5% agarose. Antibiotics at the following concentrations were used for E. faecalis: spectinomycin, 1,000 g/ml; chloramphenicol, 20 g/ ml; and erythromycin, 10 g/ml.
Plasmid construction. The plasmids used in this study are shown in Table 1 ; all DNA oligonucleotides used in this study are given in Table S1 in the supplemental material. pBK1 was constructed by excising the XhoI-BamHI fragment from pBK2 (Shokeen et al., submitted) and inserting it into a similarly digested pCI3340 backbone (17) . This plasmid has the prgQ fragment through IRS1 but lacks prgX. pDM4 was constructed as follows. The Anti-Q region was amplified from p5ЈQCAT (2) using primers which appended the prgX terminator downstream of Anti-Q. This fragment was digested with BamHI and AvrII and cloned into a similarly digested pXCAT backbone (2), resulting in pQaCAT. The net result of this cloning strategy was the removal of P Q and placement of the prgX terminator downstream of Anti-Q, preventing transcription of extraneous sequences from P X . The cat gene was removed by digestion of pQaCAT with BamHI and EcoRI, generation of cohesive ends with the Klenow fragment, and self-ligation of the DNA to generate pDM4. The nucleotide sequence of pCF10 fragments cloned into other plasmids was confirmed by Sanger sequencing.
Mutations were introduced into pBK1 and pDM4 by site-directed mutagenesis (pBK1-4 and pBK1-21), PCR amplification of a mutated fragment from another source (pBK1-24 and pDM4-3 cloned from pBK2-24 [Shokeen et al. submitted]), or PCR amplification using mutagenic primers (pBK1-13, pBK1-17, pBK1-18, pBK1-25, and pBK1 derivatives carrying the antiterminator deletion, nt 120 to 253 [⌬120-253]). The mutated fragments were cleaved at plasmid-specific restriction sites (usually a combination of BamHI, XhoI, AvrII, and XbaI) and ligated into a similarly digested backbone. The mutations were confirmed by Sanger sequencing. Site-directed mutagenic primers were designed as detailed in the Invitrogen GeneTailor system. The plasmid to be mutated was isolated from E. coli and then PCR amplified for 20 to 30 cycles using Pfu Ultra II (Stratagene) and electroporated into competent E. coli DH5␣ cells for further analysis. Fragments containing desired mutations were identified by Sanger sequencing and then excised and ligated into a similarly digested backbone that had not undergone PCR amplification.
Plasmid DNA was isolated from E. coli using a Qiagen miniprep kit and following the manufacturer's instructions. For isolation of plasmid DNA from E. faecalis, 3-ml cultures were grown overnight in M9-YE and then diluted 1:2 in M9-YE-3% glycine and incubated for 90 min. Cells were pelleted and resuspended in 200 l of lysis buffer (10 mM Tris-HCl, pH 8, 50 mM NaCl, 10 mM EDTA, and 30 mg/ml lysozyme) and incubated for 15 min at 37°C. DNA was then prepared using a Qiagen miniprep kit. Plasmids were electroporated into competent E. coli cells prepared using YENB (28) or E. faecalis cells prepared using lysozyme (2). pAT18 derivative containing prgQ ϩ1 through ϩ390, produces Anti-Q This study pDM4-3 pDM4 derivative carrying a point mutation within the proposed YUNR loop of Anti-Q (T9C) This study
Quantitative reverse transcription-PCR (qRT-PCR).
E. faecalis strains were grown overnight in M9-YE broth at 37°C with selective antibiotics. In the morning, cultures were diluted 1:5 in fresh medium and grown for 90 min at 37°C. Then, 600 l of each culture was added to 1,200 l of RNAprotect bacteria reagent (Qiagen), prepared according to the reagent instructions, snap-frozen in ethanol and dry ice, and stored at Ϫ80°C. RNA was prepared using an RNeasy kit (Qiagen) following a modified enzymatic lysis procedure (5) . RNA (2 to 5 g) was treated with Turbo DNase (Ambion) according to the manufacturers' instructions. RNA (20 ng) was then reverse transcribed using a Superscript III first-strand synthesis kit (Invitrogen) and gene-specific primers (GSPs), following the manufacturer's instructions. Each reaction mixture contained GSPs for lacZ and gyrB. Approximately 1 ng cDNA was then used for quantitative PCR using IQ SYBR green Supermix (Bio-Rad) on an IQ5 real-time PCR system (BioRad). The amplification efficiency of each primer set was assessed by amplifying 10-fold serial dilutions of a DNA control consisting of linearized pBK1 (lacZ) or E. faecalis genomic DNA (gyrB). Transcript levels were then determined relative to the level of pBK1 by using differences in the threshold cycle (⌬⌬C T method), with gyrB serving as the reference gene.
RNA stability assay. E. faecalis strains were cultured as described above for the qRT-PCR assays. After the 90-min subculture, rifampin (350 g/ml) was added to 5 ml of each culture. At time zero and 5, 10, 20, 40, and 80 min, 600-l aliquots were removed from each culture. RNA was prepared from these samples as described for the qRT-PCR assay. RNA (1 g) from each sample was electrophoresed on a 1.2% denaturing agarose gel in MOPS (morpholinepropanesulfonic acid) buffer as previously described (2) . RNA was transferred to a positively charged nylon membrane (Roche) by passive elution with 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) plus 10 mM NaOH for 2 h (http: //www.ambion.com/techlib/tb/tb_169.html). Membranes were cross-linked using a Stratalinker (Stratagene).
RNA probes were generated as follows. Primers were designed to amplify the region of interest and append an SP6 promoter to one end of the PCR product such that transcription produced a probe complementary to the region of interest. The PCR product was then used as a template for SP6 RNA polymerase (RNAP) to generate a digoxigenin-UTP (DIG-UTP; Roche)-labeled RNA probe according to the manufacturer's instructions.
Membranes were probed with the DIG-labeled RNA probes according to the manufacturer's instructions, and probe hybridization was detected using DIGspecific Fab fragments and CDP-star reagent (Roche). Membranes were then probed with a DIG-end-labeled DNA probe specific for E. faecalis 5S rRNA (33) and detected as described above. Blots were scanned using a Scanjet 4200c flatbed scanner (Hewlett-Packard) and analyzed using ImageJ software (NIH). RNA half-life was determined using regression analysis (7) .
IVT assays. A region of prgQ from nt Ϫ176 to ϩ512 relative to the transcription start site was PCR amplified using pBK1-25 as template. The resulting DNA fragment was used as a linear template for in vitro transcription (IVT) assays. This template contains P Q and IRS1 with a point mutation in the P X Ϫ10 region that inactivates P X . The template (2.5 nM) was mixed with Bacillus subtilis RNAP (24, 27, 34) in a 35-l reaction mixture containing 20 mM Tris-HCl, pH 7.9; 20 mM NaCl; 20 mM MgCl 2 ; 0.1 mM EDTA; 11 mM ␤-mercaptoethanol; 286 m each of ATP, GTP, and CTP; 28.6 M UTP; 2.5 g of the initiating dinucleotide ApU (Ribomed); and 6 Ci [␣ 32 P]UTP (MP biomedicals). Exogenous RNA was added at 150 nM where indicated below. Reaction mixtures were incubated at 37°C for 15 min and stopped by adding an equal volume of isoamyl alcohol: phenol:chloroform, pH 5.2. The aqueous fractions were recovered, resolved on a 13.5% denaturing polyacrylamide gel, and scanned on a phosphorimager (Molecular Dynamics). Gels were analyzed using ImageQuant software.
Exogenous RNAs were prepared using a T7 MEGAshortscript kit (Ambion), following the kit instructions. The template for Anti-Q was made by PCR amplification of the Anti-Q region from pBK1 using primers that positioned a T7 RNAP promoter in place of P X . Human 18S rRNA was also produced (using the template included with the kit) for use as a negative control in the antitermination assays. The transcripts were resolved on a denaturing polyacrylamide gel, the bands of interest were excised, and the RNA was eluted according to the kit instructions. The RNA was then precipitated using ethyl alcohol and resuspended in dimethyl pyrocarbonate-treated H 2 O.
RESULTS
Evidence for competing terminator/antiterminator structures within nascent prgQ transcripts. In order to investigate the activities of the proposed terminator and antiterminator structures, we cloned the pCF10 region from P Q to IRS1 into a reporter plasmid with a lacZ transcriptional fusion downstream of the terminator (pBK1) (Fig. 1) . This allowed us to use ␤-galactosidase expression and lacZ transcript abundance to report extension of transcripts past IRS1. Although pBK1 retains P X , it lacks the prgX structural gene and produces very little Anti-Q, consistent with previous results (2) . Therefore, we used pBK1 to examine the intrinsic termination behavior of nascent prgQ transcripts and mutant derivatives without the influence of these negative regulators. Initially, we used ␤-galactosidase assays to assess transcription past IRS1 in pBK1 and its derivatives (see Fig. S1 and Table S2 in the supplemental material). We then used qRT-PCR to quantify lacZ mRNA levels directly.
IRS1 contains a GϩC-rich inverted repeat that can form a stable stem-loop structure, followed by a uridine-rich region [poly(U) tract], both characteristic of factor-independent transcriptional terminators (1, 35) . We hypothesized that disrupting IRS1 would lead to a decrease in termination, which would result in an increase in transcription past IRS1. To test this, we compared the lacZ transcript abundance of pBK1 and a pBK1-derived construct with a deletion of the 3Ј side of the inverted repeat (pBK1-18) (Fig. 2) , predicted to prevent formation of the terminator stem. This mutation had no effect on lacZ transcript levels, suggesting that IRS1 does not act as an intrinsic terminator in the context of our plasmid.
These results conflicted with previous interpretations of Northern blots and sequence data suggesting that IRS1 is a factor-independent terminator. To reconcile these results, we hypothesized that, in the absence of Anti-Q RNA, formation of a previously postulated antiterminator (4) is constitutive within nascent prgQ transcripts, precluding terminator formation and allowing extension into downstream sequences.
To test this hypothesis, we deleted the 5Ј side of the antiterminator (pBK1-1) (Fig. 2C) . We reasoned that in the absence of the competing antiterminator, the terminator should form readily. lacZ transcript abundance from a reporter carrying this mutation dropped to 12% of that from pBK1 (AT deletion, ⌬120-253) (Fig. 2B ), supporting the model that the antiterminator precludes termination at IRS1.
If disruption of the antiterminator decreases lacZ transcript abundance by allowing IRS1 to act as a terminator, then deletion of IRS1 should suppress the effect of this disruption. To test this, we introduced the antiterminator deletion into pBK1-18, which carries a deletion of the 3Ј side of IRS1. This construct displayed no change in lacZ transcript abundance relative to that of pBK1-18 (Fig. 2) . Taken together, these data indicate that the antiterminator deletion decreases lacZ transcript abundance by allowing formation of the terminator.
To further examine the ability of IRS1 to terminate transcription, we swapped 3 nt between the 5Ј and 3Ј sides of the IRS1 helix. This mutation (pBK1-4) maintained the structure of the terminator but, because the 5Ј side of IRS1 participates in formation of the antiterminator, it was predicted to destabilize the antiterminator element. This mutation reduced lacZ transcript abundance to 16% of that of pBK1 (Fig. 2) , consistent with reduced antitermination. To ensure that this change in expression was due to the loss of complementarity within the antiterminator, we constructed plasmid pBK1-21, which is identical to pBK1-4 except that it carries an additional change in the 5Ј side of the antiterminator that restores complemen- VOL. 192, 2010 COUNTERTRANSCRIPT-DRIVEN ATTENUATION OF prgQ IN pCF10 1637 tarity. This construct exhibited an increase in lacZ transcript abundance of 290% compared to that of pBK1-4 (67% compared to pBK1), partially suppressing the phenotype displayed by pBK1-4. These data support our model in which IRS1 can act as a terminator, but this is precluded by the formation of an upstream antiterminator within the nascent RNA. Anti-Q promotes termination at IRS1. We next wanted to examine the direct effects of Anti-Q on nascent prgQ transcript termination at IRS1 in the absence of any potential complicating factors, such as PrgX control of P Q . Despite the presence of the Anti-Q promoter and the Anti-Q sequence, wild-type cells carrying pBK1 produce very little Anti-Q. It has previously been demonstrated that in cells containing these sequences, PrgX protein must be provided in trans for Anti-Q to be expressed at appreciable levels (4). In contrast, pDM4 contains a smaller segment of pCF10 DNA that includes the P X promoter and DNA encoding Anti-Q but not P Q . Cells containing pDM4 produce abundant levels of Anti-Q in the absence of PrgX, consistent with previous results (3), allowing us to provide Anti-Q in trans.
Using qRT-PCR, we found that providing Anti-Q in trans to pBK1 reduced lacZ transcript abundance to 28% of its abundance from pBK1 without Anti-Q (Table 2 ). This supports the argument that Anti-Q acts on nascent prgQ transcripts to cause terminator formation. The reporter bearing a deletion of the 3Ј side of IRS1 was not sensitive to Anti-Q (pBK1-18) ( Table 2 ), demonstrating that IRS1 is necessary for Anti-Q to decrease the expression of downstream genes. Taken together, these data support the model that Anti-Q interacts with nascent prgQ transcripts to allow termination at IRS1.
We also analyzed the impact of Anti-Q on prgQ transcript termination when the antiterminator was destabilized by point mutations within the terminator (pBK1-4) ( Table 2 ). Because the antiterminator was already destabilized, reducing lacZ transcript abundance to 16% compared to pBK1, we expected that Anti-Q would have only a modest ability to further disrupt the antiterminator, making this mutant less sensitive to Anti-Q than the wild type. Surprisingly, Anti-Q reduced lacZ transcript abundance from pBK1-4 to 10% of the level with pBK1-4 alone, a statistically significant difference (P ϭ 0.01) from the response of pBK1 to Anti-Q, indicating that this mutant is more responsive to Anti-Q. Providing the compensatory mutation within the antiterminator appeared to partially alleviate this increased sensitivity to Anti-Q, as Anti-Q reduced lacZ transcript abundance produced by this construct to 16% of the level with the construct alone, though this change in response was not statistically significant (pBK1-21) ( Table 2 ).
An alternate explanation for some of the above-described results could be that mutations within prgQ or interaction between nascent prgQ transcripts and Anti-Q cause rapid degradation of the fused lacZ transcript. In order to test this, we examined the half-life of lacZ transcripts from different strains during log-phase growth by halting transcription with rifampin and examining the rate of transcript decay, as detailed in Ma- terials and Methods. We tested the stability of lacZ transcripts produced by the wild-type construct, pBK1, with and without Anti-Q produced in trans. We also tested the stability of lacZ transcripts produced by constructs carrying a deletion within the antiterminator (pBK1-1, ⌬120-253) and within the 3Ј half of IRS1 through the lacZ fusion (pBK1-13). We found that production of Anti-Q in trans did not decrease the half-life of the lacZ transcripts, nor did the presence of the selected mutations (see Fig. S2 in the supplemental material). Instead, some of these changes appear to increase the stability of lacZ transcripts, possibly causing qRT-PCR to underestimate negative effects on readthrough. This indicates that the decrease in lacZ transcript abundance observed by qRT-PCR is caused by changes in the frequency of termination at IRS1 rather than a decrease in transcript stability. A YUNR loop in Anti-Q is not important for Anti-Q-mediated termination of nascent prgQ transcripts. Recent studies have shown that mutations to the U residue of the YUNR loop of Anti-Q (see Fig. S3 in the supplemental material) have little effect on Anti-Q-Qs interactions either in vitro or when both RNAs are transcribed from the same template in vivo (Shokeen et al., submitted). This was unexpected, because YUNR motifs have been shown to accelerate RNA/RNA interactions in other systems (8, 15) , and mutations to the "U" residue have been shown to disrupt the motif (19) . The in vivo results demonstrated that disruption of the YUNR motif did not affect interactions between Anti-Q and nascent prgQ transcripts, but because the mutation was present in both RNAs, complementarity between the molecules was not disrupted (Shokeen et al. submitted). We sought to extend these results using our twoplasmid system, in which we could disrupt the complementarity between Anti-Q and nascent prgQ transcripts. We examined the effect of mutating the U residue in the YUNR motif of Anti-Q in pDM4 (pDM4-3). As a control, we also introduced the complementary mutation into pBK1 (pBK1-24). The results in Fig. 3 show that this point mutation did not significantly affect basal lacZ transcript abundance from the reporter alone (pBK1 versus pBK1-24). We used pDM4 and pDM4-3 to provide either wild-type or mutated Anti-Q in trans to both pBK1 and pBK1-24 and measured lacZ transcript levels in each of these strains. The strains with wild-type prgQ (pBK1) showed no difference in sensitivity to wild-type or mutated Anti-Q. Similarly, the strains carrying a mutation complementary to the YUNR mutation were equally sensitive to both wild-type and mutated Anti-Q. These results confirm that this YUNR loop does not play a physiological role in Anti-Q-mediated termination at IRS1, consistent with previous results (Shokeen et al., submitted) .
Termination and antitermination function in vitro. In order to confirm our interpretations of the in vivo study results, we examined termination and antitermination using runoff in vitro transcription (IVT) assays. We found that, in the absence of Anti-Q, 41% of nascent prgQ transcripts terminated at IRS1 (Fig. 4A and B) . When unlabeled Anti-Q RNA was added to the IVT reaction, 88% of nascent prgQ transcripts terminated at IRS1, a significant increase (P ϭ 0.01). The addition of a control RNA similar in size to Anti-Q did not alter the frequency of termination at IRS1. Taken together, these data support the model that nascent prgQ transcripts contain a transcriptional terminator at IRS1, and Anti-Q interaction with these transcripts supports termination. 
DISCUSSION
Previous work on pCF10 revealed that control of the extension of prgQ transcripts past IRS1 is an important checkpoint in the pheromone response (6) . In uninduced conditions, extended transcripts are not detectable by Northern blot, whereas they become readily detectable after pheromone induction. Analysis of predicted secondary structures of Qs RNA revealed that IRS1 resembles an intrinsic terminator of transcription but that upstream sequences may form a competing antiterminator structure capable of precluding IRS1 formation in nascent transcripts (see Fig S4 in the  supplemental material) . A small RNA, Anti-Q, is transcribed from the DNA strand opposite prgQ. Since Anti-Q is complementary to a portion of the antiterminator, interactions between Anti-Q and nascent prgQ transcripts could disrupt the antiterminator, thus allowing terminator formation (4) .
Studies of countertranscript-driven attenuation mechanisms are complicated by the fact that both the regulatory RNA and the target RNA are produced from the same region of DNA. A prior study of prgQ regulation identified cis-acting mutations in the region of complementarity between prgQ and Anti-Q that affected the expression of genes downstream of IRS1 (4) . A number of these mutations mapped to predicted stem structures within Anti-Q or prgQ. Because DNA in this region is transcribed on both the regulatory and target RNAs, we frequently could not determine which RNA was impacted by a particular mutation. We were also unable to identify regions of the RNAs that must be complementary for optimal interaction, since any mutations cause complementary changes in both RNAs. In the current study, we developed a system for producing Anti-Q and prgQ transcripts from separate plasmids in vivo. We provided prgQ on a plasmid that produces very little Anti-Q and reports transcript extension past IRS1. We provided Anti-Q in trans on a compatible plasmid that lacks P Q . This arrangement allowed us to directly test the effect of Anti-Q on termination at IRS1. It also allowed us to introduce mutations into one transcript at a time and to test their effects on either Anti-Q or prgQ transcripts or both RNAs simultaneously.
The results in Fig. 2 and Table 2 demonstrate that, in vivo, IRS1 acts to terminate nascent prgQ transcripts but that, in the absence of Anti-Q, this activity is suppressed by an upstream antiterminator. The addition of Anti-Q allows for termination at IRS1. These results are supported by the results of IVT assays that demonstrate that prgQ transcripts can terminate at or extend past IRS1 and that the addition of Anti-Q RNA increases the frequency of termination, probably by direct interaction with nascent prgQ transcripts.
A mode of direct interaction between Anti-Q and nascent prgQ transcripts is supported by (i) the success of Anti-Q in enhancing termination in vitro when RNAP is the only protein factor present and (ii) the results of in vitro studies that demonstrate that Qs and Anti-Q can interact in the absence of additional factors (Shokeen et al., submitted). This is consistent with results from in vitro studies of other RNA/RNA interactions in which the regulatory and target RNAs are encoded in the same region of DNA and share high complementarity (9, 16) . This is different than many well-studied RNA/ RNA systems in which the regulatory RNA is encoded in a different genomic location than the target and the two share limited complementarity. In these trans-coded systems, a host protein factor is needed for productive interactions between the regulatory RNA and the target. In eukaryotes, Argonaute proteins support interaction between mature microRNAs and their targets (12) , and in bacteria, trans-coded RNAs typically require Hfq for productive interactions with their targets (32) . E. faecalis does not have an identified Hfq homolog. It is possible, however, that an unidentified host factor is needed for optimal interactions between these cis-coded RNAs in vivo. It is interesting that our in vivo results suggest that termination does not occur at IRS1 in the absence of Anti-Q, while our in vitro results demonstrate termination in the absence of Anti-Q. This could be due to differences in the biochemical conditions within the cell compared to the IVT reaction. It may also be interpreted as supporting the existence of a host factor that mediates optimal RNA/RNA interaction in vivo but which is absent from the IVT assays.
Recently, Shokeen et al. (submitted) determined the secondary structure of Anti-Q in vitro and characterized its interactions with Qs. We found that Anti-Q contains three stemloop structures, including one with a YUNR motif. YUNR motifs have been shown to accelerate cognate RNA/RNA interactions (15) and play an important role in other countertranscript-driven attenuation systems (19) . Surprisingly, the loop within Anti-Q containing the YUNR motif was not protected by interaction with Qs. Additionally, a mutation that disrupted the YUNR loop had little effect on extension past IRS1 when introduced on a plasmid in vivo. This plasmid produced both prgQ transcripts and Anti-Q in cis, so the mutation was transcribed on both RNAs. From these results it was clear that the YUNR motif was not critical for Anti-Q-driven attenuation at IRS1; however, it was uncertain if disrupting the complementarity of the YUNR loop between Anti-Q and nascent prgQ transcripts would have any effect. By introducing the mutation to prgQ and Anti-Q separately, we have demonstrated that a loss of complementarity within this loop does not affect the ability of Anti-Q to enhance termination at IRS1. This agrees with the results of in vitro experiments (Shokeen et al., submitted) in which disruption of the YUNR loop in Anti-Q had no effect on the rate or extent of interaction between Anti-Q and wild-type Qs.
When prgQ is transcribed, the region complementary to the YUNR loop is transcribed after the regions complementary to the other two loops of Anti-Q, making it the last region available for interaction. However, when Anti-Q is transcribed, the YUNR loop is the first loop structure expressed. It is possible that, given its position in Anti-Q, the YUNR loop serves to accelerate interactions between mature Qs and nascent transcripts from P X . This could serve as a regulatory mechanism for the expression of prgX, the distal gene transcribed from P X . If such regulation exists, it would be a novel example of reciprocal regulation of distal transcripts between regulatory RNAs transcribed from two loci; this possibility is being tested experimentally.
When nucleotides were exchanged between the stems of IRS1, destabilizing the antiterminator (pBK1-4) ( Fig. 2; Table  2 ), the reporter showed the expected loss of downstream gene expression. Contrary to expectations, this reporter was more responsive to Anti-Q than pBK1. We hypothesize that, by disrupting the antiterminator, this mutation stabilizes an upstream region within nascent prgQ transcripts that interacts with Anti-Q. The results of Shokeen et al. (submitted) indicate that only certain portions of Anti-Q are protected through interaction with prgQ transcripts. We interpret this to mean that the interactions between Anti-Q and nascent prgQ transcripts occur between specific motifs of the two molecules rather than along the entire region of complementarity. Future work will focus on identifying and characterizing this upstream region within prgQ.
pBK1-1 contains a deletion of the antiterminator. Since prgQ transcripts from pBK1-1 do not possess a structure to compete with terminator formation, termination should be at maximum efficiency. pBK1-4 contains an exchange of 3 nt between the stems of IRS1. When Anti-Q is added in trans to pBK1-4, it expresses less lacZ than pBK1-1. The reasons for this are unclear, but it is possible that the mutated IRS1 may be a more efficient terminator or that antiterminator disruption enhances Anti-Q binding to nascent prgQ transcripts.
Control of the transfer function in pCF10 is a complex process regulated by a variety of mechanisms, many of which converge to control the fate of transcripts initiated at P Q . This study demonstrates, in vivo, that transcription from P Q is attenuated by an intrinsic terminator and that this is controlled by the relative levels of the countertranscript, Anti-Q. Further characterization of this regulatory circuitry requires a determination of the specific domains of prgQ transcripts that are important for interactions with Anti-Q, as well as an examination of the possibility that mature Qs could interact with nascent transcripts from P X to control the expression of prgX. These RNA/RNA interactions provide mechanisms by which cells bearing pCF10 can coordinate changes in the expression of constitutively produced iCF10 and pheromone-inducible mRNAs (prgB and other distal genes) that are all transcribed from a single promoter. Reliance on RNA regulators may allow the cell to respond rapidly to changes in exogenous pheromone levels, as this places few biochemical steps between pheromone import and transcription of genes distal to IRS1. Elucidating the nuances of pheromone induction should help explain how such a complicated regulatory system has been maintained on an evolutionary scale (21) .
